The Sec machinery is one mechanism used by bacteria to translocate proteins across their cytoplasmic membrane. Most of the Sec components have been identified within the important gastric pathogen, Helicobacter pylori, however their functionality has not yet been demonstrated. Here we report the existence of putative homologues to the Sec components yajC (HP1450) and yidC (HP1551), and demonstrate the ability of the H. pylori secD (HP1550) and secG (HP1255) homologues to facilitate inner membrane translocation of the maltose-binding protein MalE, by complementation of the respective secretion-deficient Escherichia coli mutants, thus providing evidence of their functionality.
Introduction
The Gram-negative bacterium Helicobacter pylori infects over 50% of the world population, and is a major risk factor in the development of a number of diseases, including peptic ulcers, gastric lymphoma and gastric adenocarcinoma [9] . Crucial to host colonisation is the secretion of virulence factors, such as the vacuolating cytotoxin VacA [20] , and Gram-negative bacteria have evolved several secretion systems to translocate proteins across their membranes. The majority of proteins are translocated across the inner membrane of Gram-negative bacteria by the Sec pathway, which comprises nine proteins in Escherichia coli, SecA, SecB, SecD, SecE, SecF, SecG, SecY, YajC and YidC [15] . SecB is a chaperone that maintains the precursor in an unfolded conformation for translocation [14] , although SecB itself is not essential [15] . SecY, SecE and SecG form an integral membrane core with which SecA associates to form a translocase complex [6, 12] . Using cycles of ATP hydrolysis, SecA drives translocation of the precursor protein through the membrane [7] . SecD, SecF and YajC may form a distinct complex, which can associate with the SecYEG core [6] , and have been implicated in the regulation of translocation [8] . SecG may also be involved in regulation, as although SecDF and SecG are not essential, translocation is more e⁄cient in their presence [6, 8] . YidC co-puri¢es with the SecYEG complex, and although its role remains unclear, it appears to be primarily involved with insertion of cytoplasmic membrane proteins and may be an assembly factor for the SecYEG complex or act as a receptor for integral membrane components on dissociation [3, 22, 23] . Proteins destined for export through the Sec system are synthesised with an N-terminal signal sequence, which is cleaved following translocation by an associated peptidase [18] .
With the recent identi¢cation of a possible secE homologue [16] , putative homologues of all except secB, yajC and yidC have been identi¢ed on the H. pylori genome. In addition, a number of known and putative secreted proteins contain a classical Sec N-terminal sequence, the most notable of which is the autotransported cytotoxin VacA, which is unusual in displaying di¡erent signal peptide var-iants [2] . These features have led to the suggestion that a secretion system similar to Sec operates in H. pylori, however, the functional role of the H. pylori Sec homologues has not been demonstrated. Here we identify putative yajC and yidC homologues in the H. pylori genome, and show functional complementation of E. coli secD and secG secretion-de¢cient mutants by overexpression of the respective H. pylori homologue in each mutant strain. shown along the top of each section, and residues matching the consensus are shaded. B. meli, Brucella melitensis ; E. coli, Escherichia coli strain K12; H. pylori, Helicobacter pylori strain 26695 ORF HP1450 (TIGR database, www.tigr.org); P. multo, Pasteurella multocida ; R. prow, Rickettsia prowazekii ; S. typhi, Salmonella typhimurium.
Materials and methods

Bacterial strains and growth conditions
H. pylori were grown on blood agar plates (5% horse blood) at 37 ‡C either in a gas jar with CampypakPlus (BBL 0 ) or in a VA cabinet (MACS VA500 microaerophilic workstation, dwScienti¢c). E. coli strains were maintained on LB agar grown at 37 ‡C. A single colony of E. coli was inoculated into LB broth supplemented with 100 Wg ml 31 ampicillin to maintain plasmids, 1 mM isopropyl-L-D-thiogalactopyranoside (IPTG) to induce the expression of cloned genes, or 5% w/v maltose to induce maltose-binding protein (MBP) where necessary, and incubated at 37 ‡C, 200 rpm. All chemicals and reagents were supplied by Sigma unless otherwise indicated. H. pylori strain 26695 [24] , E. coli strains KJ173 (Gardel et al., 1987) , and BL425 [6] were used in this study.
DNA manipulation
DNA was manipulated by standard methods [21] . Restriction enzymes (Promega UK) were used according to the manufacturer's instructions. For isolation of plasmid DNA from E. coli the Qiagen Mini and Midi kits (Qiagen) were used. Genomic DNA was extracted from H. pylori according to Atherton [1] . Standard methods were used for preparation of competent cells, and for the electroporation of plasmids into E. coli [21] .
Polymerase chain reaction (PCR) ampli¢cation was performed using the following conditions: 5 min 95 ‡C; 30 cycles of 30 s 95 ‡C/30 s 55 ‡C/1 min 72 ‡C; 5 min 72 ‡C from genomic DNA isolated from H. pylori strain 26695. Clones were con¢rmed by restriction digestion and sequencing. Automated non-radioactive sequencing reactions were carried out using the BigDye terminator cycle sequencing kit in conjunction with a 373A automated sequencer (Perkin Elmer Applied Biosystems).
Sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) and
Western blotting E. coli whole cell lysates were prepared from cells contained within 1-ml samples of broth cultures. Cells were pelleted by microcentrifugation, resuspended in 100 Wl SDS^PAGE sample bu¡er and sonicated for 15 s using a Soniprep 150 (MSE) at an amplitude of 7 Wm. SDSP AGE and Western blotting were performed as described in Hardie et al. (2003) [13] . Antisera raised against MBP (New England Biolabs) was used at a dilution of 1:40 000, with the secondary antibody being horseradish peroxidaseconjugated donkey anti-rabbit IgG used at 1:3000.
Results and discussion
Identi¢cation of yajC and yidC homologues in
H. pylori
To determine whether H. pylori contains putative homologues to secB, yidC and yajC, the genome of H. pylori strain 26695 [24] was interrogated with the DNA and translated protein sequence of the corresponding E. coli genes using PSI-BLAST, BLASTP, NR searches (www.ncbi.nlm.nih.gov/BLAST). Although a putative ho- mologue of secB was not found, the hypothetical H. pylori protein encoded by the HP1450 locus showed homology to the E. coli YidC protein, as well as to YidC proteins from several bacteria, including Salmonella typhimurium, Brucella melitensis and Pasteurella multocida (Fig. 1) . The greatest similarity was between the H. pylori and E. coli YidC proteins (AAC76728), showing 37% and 62% identity and similarity respectively over 241 residues.
In E. coli, secD, secF and yajC are clustered in a single operon on the bacterial genome [11] , so searches were concentrated on the genes £anking the putative H. pylori secD and secF genes. The translated sequence of HP1551, located next to secD and listed as a hypothetical protein in the TIGR database (www.tigr.org), showed homology to yajC from several bacteria, including closely related bacteria such as Campylobacter jejuni and Wolinella succinogenes and the more distantly related E. coli, Haemophilus in£uenzae, and B. melitensis. The greatest similarity was the W. succinogenes protein (68% identity, 87% similarity over 84 residues), however the similarity to E. coli YajC protein (AAC60468.1) extended to 40% identity and 73% similarity over 60 residues.
Although functionality of these genes within the Sec machinery would have been best demonstrated by analysis of the pro¢les of secreted proteins in directed mutants, this was not attempted since a mutant in the secY homologue (HP0535) did not have any detectable change (data not shown). Moreover, mutants of the secG homologue (HP1255) could not be isolated, suggesting that mutation of this gene may be lethal. Ideally conditional mutants would be generated, however this technology is not currently available for H. pylori.
secD and secG from H. pylori functionally complement their respective E. coli mutants
The only two Sec machinery components shown to interact with each other during a high throughput yeast twohybrid screen of H. pylori proteins were SecG (HP1550) and SecD (HP1255) [19] . To investigate the possible functional roles of these putative secD and secG homologues present on the H. pylori genome, they were PCR-ampli¢ed from H. pylori strain 26695 (using primers gtctccggatccattatctggtgctaag plus gtctccctgcagccgcaaaatcaatcc for secD Hp , and cctgtgtctagagagtccaaaccacc plus cctgtactgcagtccgacttgatttaatgc for secG Hp ), and cloned into the expression vector pTrc99a (Pharmacia). The integrity of the ¢nal constructs was veri¢ed by sequence analysis. The construct containing secD Hp (pNF5-1) was introduced into the E. coli mutant strain KJ173 [10] , a temperaturesensitive mutant unable to maintain SecD in its functional form at the non-permissive temperature of 25 ‡C. The construct containing secG Hp (pNF6-1) was introduced into E. coli strain BL425 (kindly donated by Franck Duong [6] ) in which secG has been deleted. Since SecG in£uences the kinetics of inner membrane translocation, its in£uence upon secretion is more evident at lower temperatures [17] , thus E. coli strain BL425 was analysed at both high and low temperatures. The plasmid vector, pTrc99a, lacking an insert was also transformed [4] into both E. coli mutant strains as a control. Since Sec-dependent translocation of the MBP precursor from the cytoplasm to the periplasm occurs concomitantly with removal of the signal peptide to produce a smaller, mature protein, secretion e⁄ciency in these E. coli strains was assessed by detection of MBP. Ine⁄cient secretion would be indicated by accumulation of the larger, cytoplasmic precursor MBP.
Cultures of E. coli strains KJ173(pNF5-1), KJ173(pTrc99a), BL425(pNF6-1) and BL425(pTrc99a) were grown to mid-exponential phase, before induction of MBP by addition of 5% w/v maltose. 1 mM IPTG was also added where indicated to induce expression of the H. pylori genes, and incubation continued at either the permissive or non-permissive temperature for up to 4 h. Cells were harvested by centrifugation after 1 or 4 h, and lysates derived from equivalent cell numbers were analysed by Western blotting as described in Section 2.
At the permissive temperature, MBP is e⁄ciently secreted in all cases irrespective of host strain or IPTG addition ( Fig. 2A,B, lanes 1^3) . For the E. coli secD mutant 1 and 4) or a derivative bearing secD Hp (pNF5-1: lanes 2, 3, 5, 6) were grown in LB containing 5% w/v maltose to induce MBP for 1 h at either the permissive or non-permissive temperature (37 ‡C and 25 ‡C, respectively). Where indicated 1 mM IPTG was added to induce secD Hp expression, and whole cell lysates were separated through a 9% SDS^PAGE gel and subjected to Western blotting with antibody against MBP. Cytoplasmicunprocessed (precursor) and periplasmic-processed (mature) MBP are indicated by the arrows. B: Complementation of E. coli BL425 by secG Hp . E. coli strain BL425 mutated in secG carrying pTrc99a alone (lanes 1 and 4) or a derivative bearing secG Hp (pNF6-1: lanes 2, 3, 5, 6) were grown in LB containing 5% w/v maltose to induce MBP for 4 h at either the permissive or non-permissive temperature (37 ‡C and 25 ‡C, respectively). Where indicated 1 mM IPTG was added to induce secG Hp expression, and whole cell lysates were separated through a 9% SDSP AGE gel and subjected to Western blotting with antibody against MBP. Cytoplasmic-unprocessed (precursor) and periplasmic-processed (mature) MBP are indicated by the arrows. strain, KJ173, grown at the non-permissive temperature, accumulation of the larger MBP precursor was clearly seen in the absence of either secD Hp or IPTG induction ( Fig. 2A, lanes 4 and 5) , indicating ine⁄cient MBP secretion. However, addition of IPTG to induce expression of secD Hp abolished this accumulation, ameliorating the kinetic secretion defect caused by exposure of this mutant to the non-permissive temperature (Fig. 2A, lane 6) . In the case of the E. coli secG mutant, BL425, accumulation of the larger MBP precursor is seen in the absence of secG Hp (Fig. 2B, lane 4) , but in the presence of the plasmid bearing secG Hp , whether or not IPTG is added, accumulation of MBP did not occur (Fig. 2B, lanes 5 and 6) indicating e⁄cient translocation of MBP across the inner membrane. The observed suppression of MBP translocation is unlikely to result from the mere overexpression of an irrelevant protein as described in Danese et al. [5] since the relative levels of SecG Hp and SecD Hp production di¡ered signi¢cantly. Indeed, no SecD Hp could be detected in either the presence or absence of IPTG (despite complementating MBP secretion only in the presence of IPTG), whilst SecG Hp could be detected at high levels in the presence of IPTG but not in its absence and yet its complementation was evident under both conditions. Future studies will create inactive versions of SecG Hp and SecD Hp to verify this assumption.
Complementation of the E. coli secG mutant BL425 by pNF6-1 (containing secG Hp ) in both the presence and absence of IPTG induction (Fig. 2B , lanes 5 and 6) may be due to some leakage of the lac promoter, or transcription from the endogenous H. pylori promoter. Since SecG is not essential for inner membrane translocation, but rather improves secretion e⁄ciency with increasing e¡ect at lower temperatures [17] , the secretion defect of the secG mutant, E. coli BL425, is likely to be mild. Thus, a low level of SecG Hp may be su⁄cient to alleviate the secretion de¢-ciency in this mutant. This is unlikely to be possible for the complementation of the secD mutant, E. coli KJ173, since its secretion defect is more severe [10] . This prediction is supported by detectable accumulation of pre-MBP 1 h after induction with maltose in strain E. coli KJ173, compared to the 4 h required by E. coli strain BL425.
In conclusion, these data suggest functional complementation of E. coli sec machinery components by H. pylori homologues, predicting that similar mechanisms do in fact operate in these two bacteria. Final proof of this will be generated by demonstration that the H. pylori proteins interact with the Sec machinery of E. coli in vitro. Two of the three remaining known Sec components were also identi¢ed in the H. pylori genome, highlighting the importance of continued reannotation of genome sequences. However, the absence of a secB homologue from the H. pylori genome sequence and the existence of di¡erent VacA signal peptide variants imply that there are di¡er-ences for which further investigation will be required.
